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Breast cancer metastasis suppressor 1 (BRMS1) inhib-
its formation of macroscopic lung metastases in
breast, ovary, and melanoma xenograft models. Be-
cause it is unclear which step(s) of the metastatic
cascade are affected by BRMS1, the major aim of this
study was to determine when and how BRMS1 acts to
suppress metastasis. We also examined whether
BRMS1 expression globally blocks metastasis or selec-
tively inhibits metastatic outgrowths in specific tis-
sues. Metastatic human breast carcinoma cell lines
MDA-MB-231 and -435 expressing enhanced green flu-
orescent protein (GFP; 231GFP and 435GFP) and cell
lines transduced with the BRMS1 gene (231GFP-BRMS1
and 435GFP-BRMS1) were injected into the left cardiac
ventricle to achieve the widest possible cellular distri-
bution, by minimizing first-pass clearance in the
lungs. Compared with parental cells, BRMS1-express-
ing clones formed significantly fewer metastases in
all organs tested. When cells were injected directly
into the vasculature, fewer of the BRMS1-expressing
cells reached lungs or bone compared with parental
cells, suggesting that restoration of BRMS1 expres-
sion increased cell death during transit. Susceptibility
to anoikis was verified in vitro by demonstrating de-
creased survival on poly-hydroxyethyl methacrylate-
coated dishes. Most of the BRMS1-expressing cells
reaching secondary sites failed to proliferate, suggest-
ing that BRMS1 also inhibits colonization. Coupled
with previous reports showing modest effects of
BRMS1 on adhesion and invasion, our results indicate
that BRMS1 inhibits metastases in multiple organs by
blocking several steps in the metastatic cascade. (Am
J Pathol 2008, 172:809–817; DOI: 10.2353/ajpath.2008.070772)

The overwhelming majority of morbidity and mortality for
patients with cancer is associated with metastatic dis-
ease. In breast cancer, metastases are relatively widely
distributed, with the most common sites being bone,
regional lymph nodes, lung, liver, and brain.1 Significant
improvements in survival and quality of life have been
realized over several decades due to earlier detection
and more effective treatment of metastases. However,
there is still much room for improvement.

A relatively new class of molecules, metastasis sup-
pressors, hold promise for providing new avenues for
therapeutic intervention. Metastasis suppressors are de-
fined by the ability to prevent metastasis without blocking
orthotopic tumor growth.2–5 Most have been discovered
in the past decade, but their mechanisms of action re-
main largely unexplained.

Breast cancer metastasis suppressor 1 (BRMS1) was
functionally defined by its ability to block lung and re-
gional lymph node metastases in experimental breast,
melanoma, and ovarian models.6–10 Decreased BRMS1
protein expression in human breast carcinomas has been
correlated with reduced disease-free survival when strat-
ified by loss of estrogen or progesterone receptor or
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HER2 overexpression.11 mRNA expression is inversely
correlated with metastasis development in human can-
cers in most12–14 but not all15,16 studies. BRMS1 is a
predominantly nuclear protein that is part of multiple
SIN3:HDAC complexes.17,18 Based on its cellular loca-
tion and interactions, BRMS1 is implicated in regulation of
gene expression. BRMS1 in breast cancer cells results in
decreases of nuclear factor-�B activity18–21; selective
reduction in phosphatidylinositol-4,5-bisphosphate lev-
els22; loss of osteopontin expression23,24; and alteration
of gap junctional intercellular communication by chang-
ing connexin expression patterns.25

The functionality of metastasis suppressors has been
defined mostly using assays that measure inhibition of
lung and lymph node metastases. Few studies, however,
have been undertaken to identify whether metastasis
suppression is widespread (ie, whether metastasis to all
organs is blocked) or selective (ie, metastasis is inhibited
in some, but not all, organs). Part of the reason for this
deficiency is the experimental model.26 First, with the
exception of surgical orthotopic implantation,26,27 most
orthotopic mouse breast or mammary cancer models
infrequently metastasize to as many organs as in hu-
mans, presumably because they have been selected for
rapid local tumor progression and growth.26 Expediency
of primary tumor growth often means that total tumor
burden is lethal before some metastases fully develop.
Second, experimental models involving intravenous in-
oculation of cells are limited by first-pass clearance of
tumor cells or emboli in the lungs, thereby reducing the
seeding of extrapulmonary sites. Third, it is difficult and
cost prohibitive to track tumor cells in every tissue
using histology. Fourth, the mere presence of tumor
cells in a tissue does not necessarily mean that metas-
tases will develop.28 –31To overcome these obstacles,
we injected enhanced green fluorescent protein-ex-
pressing breast cancer cells into the left ventricle of the
heart. The route of injection obviates the first-pass
clearance in the lungs, and fluorescence allows ex vivo
detection of single cells in most tissues.31–33 These
modifications afforded us the opportunity to address
whether BRMS1 blocks metastasis to all or selective
organs and in vivo assessment of steps in the meta-
static cascade impacted by restoration of BRMS1.

Materials and Methods

Cell Lines and Culture

Metastatic human breast carcinoma cell lines MDA-MB-231
and MDA-MB-435 are human estrogen- and progesterone
receptor-negative breast carcinoma cell lines derived from
metastatic infiltrating ductal breast carcinomas.34 The origin
of MDA-MB-435 has been questioned in recent literature
based on microarray results35,36; however, its expression of
milk proteins37 and propensity to metastasize from mam-
mary gland but not from subcutaneous sites38 are consis-
tent with it being a breast carcinoma.

Both cell lines form metastases to multiple organs
when injected intracardially.39,40 To facilitate detec-

tion,32,33 both cell lines were stably transduced with a
HIV-1-based, lentiviral vector system constitutively ex-
pressing enhanced green fluorescent protein (GFP), as
previously described.41,42 The GFP-tagged cells were
further transduced with a lentiviral vector expressing
BRMS1 with an N-terminal myc epitope tag. Single-cell
clones expressing BRMS1 and GFP protein were ob-
tained by limiting dilution.

Cell cultures were maintained in an equal mixture of
Dulbecco’s-modified Eagle’s medium and Ham’s-F12
medium (Invitrogen, Carlsbad, CA) supplemented with 2
mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 0.02
mmol/L nonessential amino acids, 5% fetal bovine serum
(Atlanta Biologicals, Norcross, GA) plus puromycin (500
ng/ml; Fisher Scientific, Hampton, NH). All cultures were
confirmed negative for Mycoplasma spp. infection using a
PCR-based test (TaKaRa, Shiga, Japan).

To measure in vitro proliferation, cells were plated in
triplicate in 24-well plates. Thereafter, at 24-hour inter-
vals, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide was added to each well at a final concentration of
0.5 mg/ml and incubated for 3 hours. After incubation,
media was gently removed and formazan crystals were
dissolved with 1 ml of dimethyl sulfoxide, and absorbance
was recorded at 490 nm. Growth curve experiments with
triplicate samples were repeated independently.

Immunoblots

BRMS1 expression was determined by collecting total
protein from 70 to 90% confluent cell cultures. After as-
piration of medium, plates were rinsed three times with
Ca�2- and Mg�2-free Dulbecco’s phosphate-buffered
saline before addition of 0.5 ml of lysis buffer [25 mmol/L
Tris-HCl, pH 7.4, 50 mmol/L �-glycerol phosphate, 0.5
mmol/L EDTA, 5% glycerol, 0.1% Triton X-100, 1 mmol/L
sodium orthovanadate, 1 mmol/L benzamidine, and a
proteinase inhibitor cocktail containing aprotinin, leupep-
tin, and phenylmethylsulfonyl fluoride (Roche, Indianap-
olis, IN)]. Lysates were centrifuged at 10,000 � g at 4°C
for 10 minutes to remove insoluble material. Protein con-
centration was determined using the Bradford colorimet-
ric assay (Pierce, Rockford, IL). Protein (25 to 80 �g/lane)
was mixed with 5� loading buffer (50% glycerol and
1.5% bromophenol blue) and separated by 12% SDS-
polyacrylamide gel electrophoresis. Protein was trans-
ferred to polyvinylidene difluoride membrane by wet
transfer (0.36A, 75 minutes). The membrane was wetted
in methanol, rinsed in 0.05% Tween 20, 20 mmol/L Tris,
and 140 mmol/L NaCl, pH 7.6 (TTBS solution) and
blocked in a TTBS solution containing 5% dry nonfat milk
for 1 hour. BRMS1 was detected using 1:2500 dilution of
mouse monoclonal antibody (3a1.2111) for 2 hours at
room temperature under constant agitation. Membranes
were then washed with TTBS and probed with 1:5000
dilution of sheep anti-mouse secondary antibody conju-
gated to horseradish peroxidase (Amersham-Pharmacia
Biotech, Buckinghamshire, UK) in a solution of 5% nonfat
dry milk/TTBS for 1 hour at room temperature before
washing in TTBS. Bound secondary antibodies were de-
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tected using enhanced chemiluminescence (Amersham-
Pharmacia Biotech).

Antibodies

Commercial antibodies were all purchased from Cell Sig-
naling Technologies (Danvers, MA) [total Akt, Akt-phos-
pho Ser473, total p42/p44 mitogen-activated protein ki-
nase (MAPK), MAPK phospho Thr202/Tyr204, Bim, BclII,
Bad, Bax, Bcl-xL, Bmf, poly(ADP-ribose) polymerase
(PARP), and caspase-3] or Sigma-Aldrich (St. Louis, MO)
(�-actin).

Animals and Metastasis Assays

Cells at 80 to 90% confluence were detached using a
mixture of 0.5 mmol/L EDTA and 0.05% trypsin in Ca�2-,
Mg�2-, and NaHC03-free Hanks’ balanced salt solution.
Viable cells (three BRMS1-expressing clones plus paren-
tal and vector-only transfectants) were counted using a
hemacytometer and resuspended at a final concentration
of 1 � 106 cells/ml in ice-cold Hanks’ balanced salt
solution. Female athymic mice aged between 4 and 6
weeks (Harlan Sprague-Dawley, Indianapolis, IN) were
anesthetized by intramuscular administration of a mixture
of 129 mg/kg Ketamine-HCl, and 4 mg/kg Xylazine. Cells
(2 � 105 in 0.2 ml) were injected into the left ventricle of
the heart between the third and fourth or fourth and fifth
intercostal space. Presence of bright red, as opposed to
burgundy, colored blood before and at the end of each
inoculation confirmed injection of the entire volume into
the arterial system. As observed previously, injection
into the arterial circulation resulted in only rare lung
metastases.40,43,44

To assay for metastases to lung, cells were injected in
the lateral tail vein. Mice were necropsied at 5 weeks after
inoculation after anesthesia with Ketamine:Xylazine and
euthanasia by cervical dislocation. Major organs and all
bones were removed and examined at low magnification
(�2 to �10) fluorescence stereomicroscopy. All studies
were performed with 10 to 15 mice per group using three
BRMS1-expressing clones derived from MDA-MB-435
and MDA-MB-231. Experiments were replicated inde-
pendently at least once. Mice were maintained under the
guidelines of the National Institutes of Health and the
University of Alabama at Birmingham. All protocols
were approved and monitored by the University of
Alabama at Birmingham Institutional Animal Care and
Use Committee.

Fluorescence Microscopy

To visualize cells or metastases, whole bones (dissected
free of soft tissue using a no. 11 scalpel blade with gauze
used to grip and remove tissue remnants) and organs
were placed into Petri dishes containing ice-cold Ca�2-
and Mg�2-free Dulbecco’s phosphate-buffered saline
and examined by fluorescence microscopy using a
Leica MZFLIII dissecting microscope with �0.5 objec-
tive and GFP fluorescence filters (�excitation, 480 � 20

nm; �emission, 510-nm barrier; Leica, Deerfield, IL). Pho-
tomicrographs were collected using a MagnaFire dig-
ital camera (Optronics, Goleta, CA), and ImagePro
Plus 5.1 software (Media Cybernetics, Silver Spring,
MD). The total number of metastatic foci per organ was
determined. The location and size of skeletal metastases
were recorded on diagrams of murine bones and translated
to a schematic overlay using a custom computer pro-
gram.40 Fluorescence of tumor cells allowed visualization of
single cells within brain, lung, bone, pancreas, kidneys, and
adrenal glands without sectioning. Sectioning of random
tissues with immunohistochemistry with anti-GFP antibodies
confirmed that the fluorescent foci were tumor cells (Ref. 39;
data not shown). Fluorescent focus size was determined
using an ocular micrometer. Single cells and microscopic
foci ranged in size from 20 to 35 �m.

Anoikis

Semiconfluent cells (70 to 90%) were washed twice using
Ca�2- and Mg�2-free Dulbecco’s phosphate-buffered
saline followed by detachment using a 2 mmol/L EDTA
solution before resuspension in serum-free Dulbecco’s-
modified Eagle’s medium and Ham’s-F12 medium at a
concentration of 5 � 105 before plating onto 10-cm tissue
culture plates coated with poly 2-hydroxyethyl methacry-
late (poly-HEMA; 120 mg/ml in 95% ethanol; Sigma-
Aldrich). At various times, apoptosis was evaluated using
cell lysates (80 �g/lane) by immunoblotting (12% SDS-
polyacrylamide gel electrophoresis) to detect caspase-3
and PARP cleavage or other apoptotic regulators, Bad,
Bcl-xL, Bcl-2, Bim1, and Bmf. All antibodies were pur-
chased from Cell Signaling Technologies.

Cells were suspended on poly-HEMA-coated plates
for 30 minutes then seeded on tissue culture plates for 48
hours in serum-free media. Cell viability was determined
using flow cytometry using propidium iodide (5 �g/ml)
staining using a BD LSR II flow cytometer (BD Bio-
sciences, San Jose, CA). Cells were also counted using
a hemacytometer after Trypan blue staining to determine
cell viability.

Statistics

Comparisons between groups were done by one-way
analysis of variance with Holm-Sidak and Tukey’s post
hoc tests using SigmaStat statistical analysis software for
normally distributed data sets (SPSS Inc., Chicago, Il).
Statistical significance was defined as a P � 0.05.

Results and Discussion

The potential for metastasis suppressors to impact pre-
vention and/or treatment of cancer metastasis is predi-
cated on exploiting their mechanism of action.45 In pre-
vious studies, we found modest inhibition of adhesion
and invasion by BRMS1-expressing cells9,10,46; but nei-
ther level of inhibition was adequate to account for the
�90% suppression of lung and lymph node metastasis in
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vivo. Concurrent studies with another metastasis sup-
pressor, KISS1, corroborated the inadequacies of in vitro
models for predicting metastasis suppressor function,47

ie, in vitro assays showed minor differences when com-
paring parental and metastasis suppressor-expressing
cells. Therefore, a more sensitive method to monitor cells
in vivo was required. To monitor cell behavior in vivo more
readily, we took advantage of the increased detection
afforded by enhanced green fluorescent protein expres-
sion.33 We acknowledge that the studies presented here
do not recapitulate the entire metastatic process be-
cause no orthotopic tumors were present. However, be-
cause prior studies showed that BRMS1-expressing cells
grew in orthotopic sites and entered the vasculature at
comparable rates,9,10 the studies reported here focus on
steps of the metastatic cascade after intravasation.

BRMS1- and GFP-co-expressing cells were generated
using lentiviral infection. Three clones each from MDA-MB-
435GFP and -231GFP were isolated and verified to express
BRMS1 (Figure 1) using a recently developed monoclonal
antibody (Supplemental Figure 1, see http://ajp.amjpathol.org).
In vitro and in vivo tumor cell growth rates were not significant-
lyaffected (Supplemental Figures 2 and 3, see http://ajp.
amjpathol.org).

MDA-MB-435GFP and -231GFP cells metastasized at
comparable frequencies with untransfected cells when
injected orthotopically or intravenously.39,40 However, ex-
pression of GFP allowed easier detection of microscopic
metastases in various tissues, even permitting visualiza-
tion of single cells in isolated organs.44,47 Because pre-
vious studies had shown significant reduction in lung
metastases when BRMS1 expression was restored, the
focus of the current study was on metastases to other
sites. By injecting cells directly into the arterial circulation,
wider distribution of cells was achieved. MDA-MB-231GFP

and -435GFP cells most commonly metastasized to the
bone, brain, kidney, adrenal gland, and pancreas. Less
frequently, ovary and mesentery were involved.

BRMS1 Suppresses Metastases to Multiple
Organs

To test whether BRMS1 suppressed metastases to mul-
tiple organs, parental 231GFP and 435GFP cells and three

cell clones expressing BRMS1 (231GFP-BRMS1 and
435GFP-BRMS1) were injected intracardially in female
athymic mice. The number of metastases in each organ
were counted and analyzed. 231GFP-BRMS1 and 435GFP-
BRMS1 cells formed significantly fewer brain metastases
(P � 0.001) compared with parental cells (Figure 2, A
and C). BRMS1 expression also resulted in fewer tumor
cell foci within the kidneys (Figure 2A). Although most of
renal metastases were found within the parenchyma, oc-
casionally tumors were detected in the pelvi-calyceal
system, which tended to be larger than those within the
kidney tissue.

Metastases to pancreas and adrenal glands were also
significantly reduced (P � 0.05), except 435GFP-
BRMS1.10, which did not suppress metastasis to either
organ (Figure 2A). Whether this observation reflects
clonal heterogeneity or dose-dependent suppression
(435GFP-BRMS1.10 had the lowest BRMS1 expression) is
unclear. Although fewer metastases were found in ovary
and mesentery in 231GFP-BRMS1 and 435GFP-BRMS1
groups compared with parent groups, the values did not
reach statistical significance even if pooling data from
replicate experiments.

Bone is the most common site of breast cancer me-
tastasis.48 Presence of tumor cells in bones were visual-
ized using GFP and X-ray (Figure 2, B and C). All bones
were collected at necropsy 4 to 6 weeks after injection.
Both 231GFP and 435GFP formed numerous osteolytic
metastases as expected (Figure 2B), with an average of
24 � 7 (mean � SEM) metastases/mouse for 231GFP, and
36 � 4 metastases/mouse by 435GFP. All 231GFP-BRMS1
clones formed significantly fewer skeletal metastases
(P � 0.001; Figure 2, A and D). A similar pattern of
suppression was observed for 435GFP-BRMS1 clones
(P � 0.01; Figure 2, A and D).

To test whether BRMS1 affected the location and size
of bone metastases, a custom software program40 was
used. The most common sites for skeletal metastasis
from 231GFP and 435GFP were proximal and distal femur,
proximal tibia and humerus, lumbar and sacral vertebrae,
scapulae, skull, and mandibles (Figure 2D), which are
also frequent sites of metastases in women with breast
cancer metastasis to bone. MDA-MB-231GFP-BRMS1
clones metastasized significantly less frequently to the
vertebral column (P � 0.001) or long bones like the femur
and tibia (P � 0.05). MDA-MB-435GFP-BRMS1 also
showed a lower propensity to colonize these sites but the
magnitude of inhibition was less (Figure 2A). Importantly,
both 231GFP-BRMS1 and 435GFP-BRMS1 cells seeded
bone, but the area of bone occupied by fluorescent cells
at the time of necropsy was less than that of the parental
cells (Figure 2C), suggesting that BRMS1 inhibits growth
of tumor cells at the secondary site (ie, colonization).
Additionally, BRMS1 also reduced the osteolysis as seen
by X-ray (Figure 2B) and by histomorphometry. To illus-
trate, histomorphometric analysis showed that the ratio of
bone volume to tissue volume, indicating bone loss, was
lower in 231GFP cells (8.5 � 2.1) compared with 231GFP-
BRMS1 (16.2 � 2.4; data not shown). Furthermore, mean
osteoblast number/bone surface in 231GFP was 4.1 � 3.7,
far lower than 231GFP-BRMS1 (14.99 � 2.4) (Figure 2E).

Figure 1. BRMS1 protein expression measured by immunoblot for three
single cell clones obtained after transduction of 231GFP (top) and 435GFP

(bottom) with a lentiviral vector.
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Figure 2. BRMS1 suppresses breast cancer metastases to multiple organs after intracardiac injection. A: After injection, mice were necropsied 4 to 6 weeks later.
All major organs were harvested, and the number of macroscopic metastatic foci in each organ was counted. Although not depicted, occasional metastases in the
ovaries and mesentery were seen. *435GFP-BRMS1.10 was not significant in the pancreas and adrenal gland. B: Representative X-ray radiographical images
showing osteolysis induced by 435GFP cells in the femur and tibia (arrows) without evidence of osteolysis in 435GFP-BRMS1.14. C: Representative fluorescence
micrographs showing presence of 231GFP metastases in bone (right femur and tibia) and brain (arrows). Bar � 5 mm. D: Cumulative position and size of bone
metastases from 231GFP, 435GFP, 231GFP-BRMS1, and 435GFP-BRMS1 cell-injected mice. The location and size of fluorescent cells or foci were entered onto
schematic diagrams of murine bones. The maps were overlain to depict the frequency of tumor cells located at specific sites. The percentage of mice are depicted
by color (red, �50% of mice). E: Histomorphometric analyses of osseous metastases in 231GFP and 231GFP-BRMS1 (a representative image for clone 9 is shown)
cell-injected mice shows that re-expression of BRMS1 corresponds with more osteoblasts present and decreased osteolysis. The osteoblast number per bone
surface area and mean bone volume-to-tissue volume ratio are shown. Similar histomorphometry findings were observed for MDA-MB-435.
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The histomorphometry data support the concept that tu-
mor cell-induced elimination of osteoblasts contributes to
osteolysis.39,49 The distribution of skeletal metastases
was not affected by BRMS1 (Figure 2D).

BRMS1 Decreases the Number of Cells
Reaching the Secondary Site by Increasing
Susceptibility to Anoikis

Whereas the bone metastasis data suggested that
BRMS1 inhibits colonization, it was also possible that
fewer cells reached the bone or other tissues after direct
injection into the vasculature. To determine whether
BRMS1 affected tumor cell seeding in bone, 231GFP and
231GFP-BRMS1.9 were injected intracardially, and both
femurs were collected 1 hour after injection. Because
231GFP initially seed predominantly distal femur,39 cells
were visualized and quantified at that site. Compared
with 231GFP (16 � 2), fewer 231GFP-BRMS1 cells (3 �
0.6) were found (P � 0.001; Figure 3). To test whether a
similar reduction in cell seeding occurred in the lungs,
GFP-labeled cells were injected into the lateral tail vein
and counted in the lungs 1 hour after injection. The num-
ber of cells per mm2 were quantified. Similar to findings in
the femur, fewer 231GFP-BRMS1 expressing cells (60 �
2) were detected compared with 231GFP (86 � 6) (P �
0.001; Figure 3). Although persistence of cells without
increasing size of green fluorescent foci (from the initial
�25 �m) suggests that the seeded cells are in a dormant
state, it is not possible with the present data to distinguish
dormancy (lack of cell division) versus balanced growth
and apoptosis.

There are several potential explanations for decreased
seeding by BRMS1-expressing cells. 1) BRMS1 could
alter cell surfaces so that proclivity to adhere in specific
organs is changed. This explanation is considered less
likely than others for three reasons. In vitro adhesion to
extracellular matrix components and endothelial cells
was similar in BRMS1-expressing cells.9,10,46 In addition,
there were no obvious changes in the distribution of
metastases, which would be predicted if changes in ad-

hesion molecules had occurred. A decrease in seeding
was observed in the two most common and all other
tissues (qualitative, but not quantified in this study), sug-
gesting that the BRMS1-mediated seeding effects were
not organ specific. Untested in the current study was
whether BRMS1 alters strength of adhesion. 2) BRMS1
expression could affect how the cells respond to vascular
dynamics (eg, sheer, pressure, and vessel size). Tumor
cells often, because of their size, are physically trapped
in lung capillaries.50,51 Similar entrapment in bone sinu-
soids is not as likely. The sluggish flow of blood in bone
sinusoids52,53 would be predicted to cause less sheer
than pulsatile flow in lung vessels. A combination of these
considerations could account for the larger reduction in
the number of BRMS1-expressing cells detected in bone
compared with lung. 3) It is possible that cells are cleared
more rapidly from trabecular bone than lung based on
local microenvironment.54

Another possible explanation is that BRMS1 expres-
sion results in increased cell death when cells are in
suspension, detached from the surrounding matrix, or
weakly adherent (ie, anoikis during transit). This explana-
tion is consistent with prior observations that BRMS1-
expressing cells are capable of invading and entering the
vasculature.9,10 To test whether 231GFP-BRMS1 and
435GFP-BRMS1 cells were more susceptible to anoikis,
231GFP, 435GFP, and the respective BRMS1-expressing
clones were placed, for varying periods of time, on poly-
HEMA-coated plates and assessed for caspase-3 and
PARP activation, commonly used indicators for the induc-
tion of apoptotic pathways. Activation of caspase-3 and
PARP were detected in both 231GFP-BRMS1 and 435GFP-
BRMS1 at higher levels than in 231GFP or 435GFP cells
(Figure 4, A and B). Differential activation of caspase-3 or
PARP was observed as early as 15 minutes after suspen-
sion (Figure 4B), but persisted for 1 and 6 hours.

To evaluate whether the increase in caspase-3 and
PARP cleavage in BRMS1-expressing cells translated
into decreased cell viability, two different approaches
were used. First, cells were suspended for 48 hours, and
the percentage of nonviable cells stained by propidium

Figure 3. BRMS1 decreases seeding of tumor
cells at secondary sites. 231GFP and 231GFP-
BRMS1.9 cells were injected into the lateral tail
vein to assess presence in the lungs or the left
ventricle of the heart to evaluate seeding into
femurs. Organs were collected 1 hour after
injection and visualized using a fluorescent
stereomicroscope. Representative fluoromicro-
graphs from lung and femur are shown. Bars �
200 �m (lung) and 500 �m (femur). Because of
autofluorescence in bone, single cells are high-
lighted by circles. The presence of single cells
was quantified by direct counting and graphed.
Significantly fewer cells reached both lungs
(P � 0.001) and bone (P � 0.001). Cell seeding
of other organs by 231GFP-BRMS1.9 was de-
creased compared with 231GFP, but the data
were not quantified.

814 Phadke et al
AJP March 2008, Vol. 172, No. 3



iodide was analyzed by flow cytometry. Significantly
higher numbers of nonviable cells were found in both
231GFP-BRMS1 (except clone 12) and 435GFP-BRMS1
compared with parent cells (Figure 4C). Second, cells
were suspended for 30 minutes and placed onto 12-well

tissue culture plates. After 48 hours, viable (trypan blue-
negative) cells were counted, and the ratio of live to dead
cells was determined. Fewer viable BRMS1-expressing
cells were present (P � 0.001; Figure 4C). This indicated
that even a brief period of suspension can initiate the
apoptotic cascade, resulting in cell death.

To begin testing which regulators of the apoptosis may
be responsible for the anoikis, Western blot analyses
were done for Bim, Bcl-2, Bad, Bax, Bcl-xL, and Bmf. The
findings were inconsistent between the cell lines. Bim, a
critical sensor of cell stress and a promoter of anoikis,55

and Bcl-2, an inhibitor of apoptosis, were significantly
greater in 435GFP-BRMS1, but not 231GFP-BRMS1, com-
pared with their respective metastatic counterparts (Fig-
ure 4D). For some, but not all, 435GFP-BRMS1 cell clones
but none of the 231GFP-BRMS1 clones, Bad, a promoter
of apoptosis, was increased. No increases in the pro-
apoptotic protein Bax or the anti-apoptotic Bcl-xL were
seen.

Although the biological findings are consistent, the
molecular basis for BRMS1 increasing susceptibility to
anoikis is paradoxical. Recently, HDAC inhibitors have
been shown to increase Bim and Bmf protein expres-
sion.56,57 It was, therefore, somewhat surprising that Bim
and Bmf expression were not consistently changed when
BRMS1 was present because multiple SIN3:HDAC com-
plexes include BRMS1. We speculate that BRMS1 pres-
ence in HDAC complexes is involved in gene-specific
regulation rather than a more global affect seen after
HDAC inhibitor treatment, although this hypothesis has
yet to be tested. In breast cells, it is still not yet known
whether BRMS1 increases, decreases, or even regulates
HDAC activity. Also, the dependence of HDAC activity on
transitory complexes, cell type, culture conditions, cell
cycle, and other experimental parameters may account
for some of the experimental differences observed.

It is curious that nuclear factor-�B stimulates Bim1
expression.58 But BRMS1 expression has been shown to
significantly inhibit nuclear factor-�B expression23 and
activity.19,21 In contrast, Bim is down-regulated via the
MAPK signaling pathway in cells treated with epidermal

Figure 4. BRMS1 expression in human breast cancer cells increases sensi-
tivity to anoikis. 231GFP, 231GFP-BRMS1.9, 435GFP, and 435GFP-BRMS1.14 (as
representative clones) were suspended on poly-HEMA-coated tissue culture
plates for 0 to 6 hours and assessed for induction of apoptotic pathways, cell
viability, and regulators of apoptosis. A: 231GFP and 231GFP-BRMS1.9 cells
were lysed and analyzed for cleavage of caspase 3. B: 231GFP, 231GFP-
BRMS1.9, 435GFP, and 435GFP-BRMS1.14 cells were lysed and analyzed for
PARP cleavage by immunoblot. C: Re-expression of BRMS1 resulted in
decreased numbers of viable cells. After 30-minute suspension on poly-
HEMA-coated plates, cells were seeded on tissue culture plates in serum-free
media for 48 hours, and viability was assessed by propidium iodide staining
and flow cytometry. Nonviable (trypan blue positive) cells were also counted
using a hemacytometer. Comparisons are made with vector-only transduced
cells. Although a mixed population is used, the clones behave relatively
homogeneously (see small SEM bars); therefore, only the mixed population
result is presented for ease of comparison. D: Western blot analyses of
multiple mediators of apoptosis after 30-minute suspension on poly-HEMA-
coated plates. BclII and Bim1 expression were increased in 435GFP-BRMS1.14
cells, but similar changes were not observed in 231GFP-BRMS1.9 cells. Extra-
cellular-regulated kinase 1/2 phosphorylation was decreased in 435GFP-
BRMS1.14 cells but not 231GFP-BRMS1.9 cells. Results are representative of
three independent experiments. E: Immunoblots reveal that phospho-Akt
levels are reduced in 435GFP-BRMS1.14 suspended on poly-HEMA-coated
plates for 1 or 6 hours. The blot was stripped and re-probed with a total-Akt
antibody and �-actin as loading controls.
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growth factor.59 In 231GFP- and 231GFP-BRMS1, no dif-
ferences in p42/44 MAPK phosphorylation are observed
(Figure 4D) because MDA-MB-231 cells express a con-
stitutively active Ki-ras mutant.60 In 435GFP-BRMS1 cells,
levels of phosphorylated p42/44 MAPK were much lower
after 1 and 6 hours suspension on poly-HEMA compared
with 435GFP. These data collectively suggest that in the
435 cell line, BRMS1 may mediate increased susceptibil-
ity to anoikis through the differential expression of Bim
downstream of extracellular-regulated kinase. However,
Bim expression does not appear to be a universal medi-
ator of BRMS1-enhanced susceptibility to anoikis.

We previously showed that BRMS1 selectively de-
creases cell levels of phosphatidylinositol-4,5-bisphos-
phate22 and have extended those findings to show that
435GFP-BRMS1 cells have significantly reduced expres-
sion of epidermal growth factor receptor and a corre-
sponding abrogation of downstream signaling through
the phosphatidylinositol 3-kinase/Akt, but not the MAPK
pathway (K.S. Vaidya and D.R. Welch, unpublished
data). Reductions in phosphoinositide signaling may ex-
plain the loss of a potentially compensatory Akt survival
response observed when BRMS1-expressing cells are
plated onto poly-HEMA-coated plates (Figure 4E).

By using the intracardiac injection model coupled with
GFP-labeled tumor cells, we have been able to evaluate
the impact of BRMS1 on multiple steps of the metastatic
cascade in vivo. The data clearly show that BRMS1
inhibits metastasis to multiple organs, in addition to
lung and regional lymph nodes. The new data, along
with previously published findings, further demonstrate
that BRMS1 inhibits, to varying degrees in two human
breast cancer cell lines, multiple steps of the meta-
static cascade: adhesion, invasion, anoikis, and colo-
nization. Although the precise biochemical and molec-
ular mechanisms for inhibition at each step have not
been fully defined, the implications for clinical control
of cancer metastasis are significant. First, a global me-
tastasis suppressor would be of greater generic use than
a cocktail of organ-selective metastasis inhibitors. Sec-
ond, inhibition at early, middle, and late steps of the
metastatic cascade means that mimicry of BRMS1 me-
tastasis suppressor mechanisms may have use for pre-
vention of metastases as well as treatment of microscopic
lesions that have yet to colonize ectopic sites.
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